Effects of Intermediate Annealing and Cold-rolling on Recrystallization Texture in 1050 Aluminum  by Yamamoto, Atsushi et al.
 Procedia Engineering  81 ( 2014 )  215 – 220 
Available online at www.sciencedirect.com
1877-7058 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
doi: 10.1016/j.proeng.2014.09.153 
ScienceDirect
11th International Conference on Technology of Plasticity, ICTP 2014, 19-24 October 2014, 
Nagoya Congress Center, Nagoya, Japan 
Effects of intermediate annealing and cold-rolling on 
recrystallization texture in 1050 aluminum 
Atsushi Yamamotoa,*, Takuya Kajiurab, Masaaki Tsukamotoa, Daisuke Okaia 
aGraduate School of Engineering, University of Hyogo,2167 Shosha, Himeji, 671-2201, Japan 
bGraduate Student, University of Hyogo  
Abstract 
Changes in microstructures due to cold-rolling and annealing were observed with SEM-EBSD system.  The material used was a 
commercial 1050 aluminum with 10 mm thickness.  After solution heat treatment, specimens were cold-rolled at 83 % followed 
by intermediate annealing at 773 K for 10 s.  Specimens for secondary cold-rolling were cut from the primary cold-rolled sheet, 
and then cold-rolled again at 83 % followed by final annealing at 773 K.  Surface texture was formed after both the primary and 
secondary cold-rolling.  Microstructures after the intermediate annealing and after the final annealing resembled one another, 
which composed of the surface texture components.  Orientation splitting into the texture components was caused in each grain 
by cold-rolling.  The recrystallized grains were formed as a result of growth of dislocation cells having orientations of the 
texture components, which lead to form the recrystallized microstructure with the surface texture. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
To obtain microtextures and microstructures simultaneously have become to be a conventional technique 
(Humphreys and Hatherly, 2004).  The authors reported recrystallization processes (Yamamoto et al., 2011a) and 
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lattice rotation (Yamamoto et al., 2014) in the previous papers with using SEM (Scanning Electron Microscope) - 
EBSD (Electron Back Scatter Diffraction) system.  In the present study, formation of the surface texture (Kamijo et 
al., 1972) due to cold-rolling and recrystallization in the specimen having the surface texture are investigated using 
an SEM-EBSD system.  One of the components in the surface texture is {111} <1
_
10> which improves formability 
of sheet specimens when the component is in the recrystallization texture. 
 
2. Experimental procedures 
 
The starting material was a commercial 1050 aluminum with 10t × 50L × 20W mm in sizes.  Specimens were 
solution heat treated at 803 K for 3.6 ks.  The specimen was cold-rolled with about 30 % for each pass up to a total 
reduction rate of 83 % resulting in 1.7 mm in thickness.  Specimens were cut from the cold-rolled sheet into 1.7t × 
50L × 10W mm, and then intermediately annealed at 773 K for 20 s, followed by secondary cold-rolling up to 83 % 
with the similar pass schedule as the primary cold-rolling.  Finally the secondary cold-rolled specimen was 
annealed at 773 K.  Microstructures and textures were obtained with SEM - EBSD system. 
 
3. Results and discussion 
 
Microstructures of the starting specimen after annealing at 803 K for 3.6 ks are shown in Fig. 1 (a).  Pole 
figures on the observed area are shown in Fig. 1 (b) and (c) for 111 and 001 poles, respectively.  The specimen has 
a cube texture.  Microstructures after the primary cold-rolling at 83 % are shown in Fig. 2 (a).  The most areas of 
the specimen showed near {001} orientation (red) remaining small areas with {111} orientation (blue).  Pole figure 
for the whole view field is shown in Fig. 2 (b), the main components of which are (001)[11
_
0] and (111)[11
_
0], that 
is, the surface rolling texture (Kamijo et al., 1972).  The areas A and B indicated by the white broken lines in Fig. 2 
(a) would be elongated grains due to cold-rolling.  Enlarged microstructures for the grain A is shown in fig. 3 (a).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
                              
 Fig. 2.  Microstructure after cold-rolling at 83 %: (a). 111 pole figure on the observed area: (b). 
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Fig. 1.  Microstructure of the starting material: (a). 001 and 111 pole figures on the observed area: (b) and (c), respectively. 
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Discrete pole figure with 111 poles for the grain A is shown in Fig. 3(b) with black dots.  Orientation is split into 
two different orientations.  The microstructure shown in Fig. 3(a) are composed of small areas showing different 
colors, which are dislocation cells.  111 poles for the dislocation cells 1 and 2 indicated in Fig. 3(a) are shown in 
Fig. 3(b) with blue and red solid circles, respectively.  These poles are also superimposed onto the pole figure for 
the whole view field shown in Fig. 2(b).  They are the main components of the pole figure.  Similar splitting in 
orientation was observed in the grain B as shown in Fig. 4.  Difference in resultant splitting orientation in the grain 
A and B would be due to the difference in original orientations of the grains.  Components of the texture are not 
separately formed in the different grains but formed in a grain with splitting the orientation, as previously reported 
by the authors (Yamamoto et al., 2014).   
Microstructure and texture on the specimen after the intermediate annealing at 773 K for 20 s are shown in Fig. 
5.  Recrystallized grains showing near {111} orientations were formed as shown in Fig. 5(a).  Pole figures for 
{111} and {001} are shown in Fig. 5(b) and (c).  111 pole figure (Fig. 5(b)) resembles to Fig. 3(b) and Fig. 4(b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Microstructure of the specimen annealed at 773 K for 20 s after cold-rolling at 83 %: (a).  111 and 001 pole figures on the area shown 
in (a): (b) and (c), respectively. 
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Fig. 4.  Cropped image of the grain B indicated in Fig. 2 (a): (a).  
111 poles for the whole grain, the area 1 and the area 2 are 
shown by the black dots, blue solid circles and red solid circles, 
respectively, in (b). 
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Fig. 3.  Cropped image of the grain A indicated in Fig. 2 (a): (a).  
111 poles for the whole grain, the area 1 and the area 2 are 
shown by the black dots, blue solid circles and red solid circles, 
respectively, in (b). 
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 Fig. 6 shows microstructures on the specimen after the secondary cold-rolling at 83 %, and after final 
annealing at 773 K for 1 s and 10 s.  Fig. 6 (a), (c) and (e) are image quality (IQ) maps corresponding to inverse 
pole figure (IPF) maps, (b), (d) and (f), respectively.  The same area observations were carried out for Fig. 6.  
Inclusions in IQ maps indicated by the white and black arrows are the same inclusions each other.  The white 
broken lines in Fig. 6 (b) show the elongated grains A, B and C.  The lines superimposed onto the same positions 
in Fig. 6(d) and (f). Cropped images of the grains after the secondary cold-rolling and annealing are shown in Fig. 
7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  IQ maps and IPF maps showing the microstructures in the same area on the specimen after secondary cold-rolling at 83 %: (a), (b), 
and then annealed at 773 K for 1 s: (c), (d), and extended annealing for 10 s: (e), (f).  The white arrows and black arrows in (a), (c) and (e) 
indicate the same inclusions showing that the observed area is the same.  The shapes of the elongated grains A, B and C indicated in (b) are 
superimposed onto (d) and (f). 
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  Discrete pole figures on the cold-rolled microstructures (a), (b) and (c) are shown with black dots in (g), (h) and 
(i), respectively, while those on the annealed specimen (d), (e) and (f) are shown with red dots.  The red dots tend 
to cluster on the clusters of black dots, which means that recrystallized grain have similar orientation to those of 
the deformed grains.  Textures for cold-rolled specimen and annealed specimen are generally different one another.   
 The microstructures shown in Fig. 7(a), (b) and (c) are, however, composed of small dislocation cells having 
one of the orientations which belong to the texture components shown with brack dots in Fig. 7(g), (h) and (i).  The 
authors have previously shown that dislocation cells grew into recrystallized grain with small changes in 
orientation through the same area observations  (Yamamoto et al., 2011b).  In the present study, the formation of 
the recrystallized grains were also observed.  The rectangles in Fig. 6(b) and (d) show the same area, which are 
enlarged in Fig. 8(a) and (c), respectively, with (IQ+IPF) maps.  Inclusions indicated by the black arrows in Fig. 8 
(a) correspond to those indicated in (c), which shows that the same area was observed.  Orientaion of the 
dislocation cell A indicated in Fig. 8(a) is shown in Fig. 8(b) with red, green and blue solid circles which are {001}, 
{011} and {111} poles.  Open marks show the poles for the recrystallized grain A indicated in Fig. 8(c).  The 
dislocation cell A grew into the grain A with a small change in orientation.  Similar situation was observed on the 
dislocation cell B and the recrystallized grain B as shown in Fig. 8(d).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The most areas in the deformaed grain shown in Fig. 7(a) have near {001} orientaion, while near {001} 
oriented recrystallized grains are few as shown in Fig. 7(d).  Dislocation cells surrounded by cells having a similar 
orientation do not grow into recrystallized grains as the present author have reported (Yamamoto et al., 2011c).  
The near {001} oriented dislocation cells in the deformed grain shown in Fig. 7(a) did not grow but disappeared 
with being invaded by recrystallized grains having dissimilar orientations.   
 As mentioned above, the starting materials had the cube texture.  Grains having such an orientation tend to 
rotate around an axis inclined with large angle to ND from TD (Yamamoto at al., 2013).  Lattice rotation on the 
ideal cube orientation is schematically shown in Fig. 9.  Rotation would occur in the direction indicated by the 
arrow in Fig. 9 (a) to form near rotated cube orientaion (Fig. 9(b)) which is one of the texture components shown 
in Fig. 3(b), Fig. 4(b) and Fig. 7(g).  Lattice rotation in such an orientation is assumed to be occurred around the 
axis inclined from TD to ND at 30 degrees, for example, as shown with the tilted Wulff-net (Yamamoto et al., 
2013) in Fig. 9(b).  Rotation along the arrow is expected to be occurred.  With increasing the reduction rates, 
orientation splits into two orientations as shown in Fig. 9(c), which resembles to Fig. 3(b) and Fig. 7(g). 
 
Fig. 7.  Cropped images and 111 pole figures for the grains A, B and C shown in Fig. 5.  (a), (b) and (c): Grains A, B and C after secondary 
cold-rolling at 83 %, respectively.  (d), (e) and (f): same areas in the specimen after annealing at 773 K for 1 s.  Black dots and red dots in (g), 
(h) and (j) show 111 poles in the grains A, B and C before and after the annealing, respectively.  
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4. Conclusions  
 
Cube texture in the starting material changed into the surface texture after primary cold-rolling with about 30% 
for each pass up to 83%.  Components in the surface texture remained in the recrystallization texture after the 
intermediate annealing.  The surface texture appeared again after the secondary cold-rolling and also after final 
annealing.  These texture components are not separately formed in different original grains, but simultaneously 
formed in an individual grain as a result of orientation splitting. 
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Fig. 8.  Microstructures of the same area in the specimen after cold-rolled at 83 %: (a), and after annealing at 773 K for 1 s: (c).  (b): 
Stereographic projection of orientation for the dislocation cell indicated by the arrow A in (a) are shown with red dots (001), blue dots 
(111) and green dots (110) being superimposed onto the stereographic projection for the recrystallized grain A indicated in (c).  (d): 
Stereographic projection for the dislocation cell B in (a) and the recrystallized grain B in (c). 
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Fig. 9.  Schematic illustration for lattice rotation due to cold-rolling. Stereographic projections for a cube oriented grain which tends 
to rotate toward a rotated cube orientation: (a). Rotation in a rotated cube grain: (b). To and fro motion in rotation in the rotated cube 
grain: (c).  Orientation of the grain indicated by the arrow in Fig. 1 (a): (d).  Expected rotation in the grain: (e). To and fro motion in 
orientation in the grain: (f). 
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